Mixing of the low-lying three- and five-quark Q states with negative parity 
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Mixing of the low-lying three- and five-quark f2 states with spin-parity quantum numbers ^ 
and I is investigated, employing an instanton-induced quark-antiquark pair creation model, which 
precludes transitions between s^ and s^s configurations. Models with hyperfine interactions between 
quarks of three different kinds, namely, one-gluon-exchange, Goldstone-boson-exchange (GBE) and 
an instanton-induced interaction (INS) are called OGE, GBE and INS models, respectively. Numer- 
ical results show that the instanton-induced pair creation causes strong mixing between the three- 
and five-quark configurations with spin 3/2, and that this mixing decreases the energy of the lowest 
spin 3/2 states in all three different hyperfine interaction models to ~ 1750 ± 50 MeV. On the other 
hand, transition couplings between s'^ and s^qq states with spin 1/2 caused by instanton-induced 
qq creation is very small and the resulting mixing of three- and five-quark configurations in the 
OGE and INS models is negligible, while the mixing of the spin 1/2 states in GBE model is not, 
but effects of this mixing on energies of mixed states are also very small. Accordingly, the lowest Q, 
states with negative parity in all three hyperfine interactions models have spin 3/2. 

PACS numbers: 12.39.-x, 14.20.Jn, 14.20. Pt 



I. INTRODUCTION 



Recently, we have studied the spectrum of low-lying 
s^QQ (where QQ ~ qq , ss for light and strange 
quark-antiquark pairs, respectively) configurations with 
negative parity within an extended constituent quark 
model with three different kinds of hyperfine interac- 
tions, namely, one-gluon-exchange (OGE), Goldstone- 
boson-exchange (GBE) and instanton-induced interac- 
tions (INS) [l|. Experimental data about H, resonances 
is still very poor [3] : only four fl states were found 049 , 
one being the ground state i7(I672), and all the other 
three states may also have positive parity [7| • A compar- 
ison of calculated results to experimental data is there- 
fore not very conclusive. Compared to the predictions of 
the masses of negative parity states in traditional three- 
quark models, the lowest energy of s^QQ negative parity 
states is expected to be ~ 180 MeV lower [l|. This in- 
dicates that if we consider D, resonances as mixtures of 
three- and five-quark Fock components, then the latter 
must be relevant for the properties of negative parity il 
resonances. 

In the present paper, we shall study the mixing of s^ 
and s^QQ configurations, which involves the investiga- 
tion of transitions between three- and five-quark Fock 
states. For such transitions, the key ingredient is the 
QQ creation mechanism. Most widely accepted is the 
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■^Pq model Q, which has been successfully applied to the 
decays of mesons and baryons [9|, [lO| , and this was also 
employed to analyse the sea flavour content of the ground 
states of the S'C/(3) octet baryons [ll|,[l2l' ^s well as of the 
spin and electromagnetic properties of baryons [1^ [ij] . 
In the ^Pq model, the QQ pair is created with the quan- 
tum numbers of the QCD vacuum O"*""*", which corre- 
sponds to '^Pq. There are also some other pair creation 
models, for instance, string-breaking models |15l. Il6l|. in 
which the lines of colour flux between quarks collapse into 
a string, the pair is created when the string breaks and 
the created pair has as quantum numbers either ^Pq [15[ 
or '^S'l [ig. In Ref. [ITJ, the QQ pair creation induced by 
a quark confinement interaction was employed to inves- 
tigate mixing between three- and five-quark Fock com- 
ponents in the nucleon and the Roper resonance; in this 
case the created QQ also possesses the quantum numbers 

In case of the low- lying s^QQ configurations with neg- 
ative parity, all the quarks and antiquarks are supposed 
to be relative s- waves, and therefore the traditional ^Pq 
pair creation mechanism can not contribute. Accordi ngly 
we here employ an instanton-induced interaction J18l42l| 
for the pair creation mechanism, since this interaction 
also can lead to the creation of QQ pairs with quantum 
numbers '^Si and ^5*0. The instanton-induced interaction 
has been used to describe the decays of (pscudo)scalcr 
mesons |22l |. 

The present paper is organised as follows. In Section 
im we present our theoretical framework, which includes 
explicit forms of the instanton-induced quark-antiquark 
pair creation mechanism. Numerical results for the spec- 
trum of the states under study and the mixing of three- 



and fivG-quark configurations in our model are shown in 
Section IIIII Finally, Section IIVI contains a brief conclu- 



II. THEORETICAL FRAMEWORK 

In the present model, to study mixing of the three- 
and five- quark configurations, we describe the negative 
parity fl states by the Hamiltonian 



H 



H3 Vn^^Us 



(1) 



where H3 is the Hamiltonian for a three-quark system 
and H5 for a five-quark system, and Va^^n^ denotes the 
transition coupling between three- and five-quark sys- 
tems. Note that in principle the number of three and 
five quark configurations can exceed two. Since the diag- 
onal terms of ([!]), the Hamiltonian H^ for a three-quark 
system has been discussed intensively in the literature 
and the Hamiltonian Hr, for a five-quark system with the 
quantum numbers of negative parity n resonances was 
recently developed in Ref. [l| , and will only briefly be re- 
viewed here in Sec. lH Al The non-diagonal terms Vn^i^n^ 
will be explicitly discussed in Scc lHBl 



A. Diagonal terms of the Hamiltonian 

The Hamiltonian for a A^-particle system in the non 
relativistic constituent quark model is usually written as 



H 



N 



Hn + H 



hyp ' 
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i=l 
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(2) 



where Ho and H/iyp represent the Hamiltonians for the 
quark orbital motion and for the hyperfinc interactions 
between quarks, respectively, rui denotes the constituent 
mass of the ith quark. The first term Hg can be written 
as a sum of the kinetic energy and the quark confinement 
potential as 



N 



H„ 



N 



In m the quark confiiicnient potential was taken to be 

Vconfir,,) = -^Af . Xf [C^^\n - r,r + V^] - (4) 

where C^^' and Vq are constants. In principle these 
two constants can differ for three- and five-quark con- 
figurations. The hyperfine interactions between quarks 
Hhyp, as stated in [1[, can be mediated by one gluon 
exchange, Goldstone boson exchange, or induced by the 
instanton interaction. The forms of these three types of 
hyperfine interactions in the three-quark system are ex- 
plicitly given in the literature: [3, |23| - |30| . Those in the 



five-quark system with the quantum numbers of the n 
resonances were explicitly discussed in [l| and will not 
be repeated here. 

In the N < 2 band e.g. of the harmonic oscillator 
quark model there are two fl states with negative par- 
ity predicted by the three-quark models corresponding 
to the first orbital excitation with i = 1: One has spin 
1/2, the other 3/2 i?, ^, ^]. The energies arc obtained 
from the eigenvalues of Eq. ([2]) in the case of iV = 3. The 
results depend on the value of the strange constituent 
quark mass, the quark confinement parameters C^^^^' 
and Vq' ~ as well as the strength of the hyperfine inter- 
action. To reduce free parameters, we just take the values 
from 131[ and [3] as matrix elements of H^ in the OGE 
and GBE models, respectively, i.e in the OGE model, 
(^3)1- = (^^3)3- = 2020 MeV, and in the GBE model, 

(-^3)1- = (^^3)3- = 1991 MeV. In the INS model, since 

2 2 

all three quarks in fl states are strange and thus the 

flavour state is symmetric, the hyperflne interaction be- 
tween quarks vanishes. Accordingly the matrix elements 
of H^ in this case only depend on the constituent mass of 
the strange quark nis as well as C'-^^'^^ and Vq ~ . If 
we adopt the empirical values for nis and C^'^^^' from [l| , 
and take Vg^ ~ to be the tentative value which repro- 
duces the mass of the ground state 17(1672), we flnd 

{H3)i- = {Hs)^- = 1887 McV in the INS model. 

2 2 

Explicit matrix elements for ^ and | of the sub- 
matrix H^ in ([1]) were already listed in Ref. [1| . In 
both cases {115)1,3^ are 4x4 matrices. Here we just 
employ the results obtained within the OGE, INS and 
GBE models of Ref. Q. 



B. Non-diagonal terms of Hamiltonian 

The non-diagonal term Vog^-^Oj, in the Hamiltonian 
matrix ^ describing the transition coupling between 
three- and five-quark configurations depends on the ex- 
plicit quark-antiquark pair creation mechanism. The 
most commonly accepted mechanism for quark-antiquark 
pair creation is the ^Pq model [8l-[lC|. In this model the 
created quark-antiquark pair is in its first orbitally ex- 
cited state, i.e. the QQ pair has the quantum numbers 
^Pq. But in the present case all quarks and antiquarks in 
the studied five-quark configurations are assumed to be 
in their ground s-wave states and accordingly '^Pq mecha- 
nism does not contribute to the coupling between s^ and 
s^ QQ states considered here. 

Therefore we here adopt another quark-antiquark pair 
creation mechanism based on a non-relativistic reduc- 
tion of the amplitudes found from the instanton-induced 
interaction. This interaction was first proposed by 't 
Hooft [l^l and developed by Shifman et. al. [1^, then 
Petry et. al. applied it to the nuclear structure [20| . 
Explicitly, the instanton-induced interaction vertex for a 
quark-antiquark pair creation from a quark (antiquark) 





Thus the sign does not change if we simultaneously in- 
terchange 



I 



(10) 



Therefore one obtains 
3 



Hn = -^9i<^iki<^i7nnql+ql+ (70 ®1Q+ 7o75 ® 7075) 

V^ + 2V§) q^n+Qn- , (11) 



FIG. 1: a. Quark-antiquark pair creation from a quark; b. Quark- 
antiquark pair creation from an antiquark; c. Transition coupling 
of three- and five-quark configurations. 



as shown in Fig. [T] a (b), can be written [21| in terms 
of normal ordered products of creation and annihilation 
operators as 



H„ 



H, 



16 

3 

"16 
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(5) 



gif^ikif^imn- qi+ql- (70 ®io + 7075 ® 7075) 



{V^ + 2V^) q,n^qn^ 



(6) 



Here Hq represents the pair creation from a quark, 
and Hg from an antiquark, gi denotes strength of the 
instanton-induced interaction, which has been discussed 
Vq and V^ are projector operators on colour 6 
and 3 states, respectively, which are defined as 



a 



' 3 
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K2) 



(7) 



where Xd denotes the identity, and Ilf 2 is the permuta- 
tion operator of two particles in colour space. Finally, Ciki 
is the completely antisymmetric tensor acting on flavour 
space. This precludes the creation of a quark-antiquark 
pair whose flavour is the same as the quark n or I. Con- 
sequently, in the present case, the instanton-induced in- 
teraction does not mix s^ and s^s configurations. Note 
that the creation operator itself has only one free param- 
eter gi, which should be the same as that for instanton- 
induced hyperfine interactions between quarks [l| , there- 
fore, no additional parameter is introduced here. 

It is obvious that Hq in Eq. ([S]) is the appropriate in- 
teraction vertex we need for the present discussion in this 
paper. The normal ordering in ^ leads to two contribu- 
tions: If Qm has negative energy then qn is an annihilation 
field operator and therefore 



'■ qi+qk+qm-qn+- 



qi+qk+qm-qn^ 



(8) 



If on the other hand g„i is the annihilation field operator, 
then 



ii+qk+q-m+qn-- 



-ql+ql+qn-qra+ 



ql+q\+qn-qm+ ■ 
(9) 



In addition, because of the total antisymmetry of the 
states, one can eliminate the colour projectors by re- 
placing them by projectors in spin space. After a non- 
relativistic reduction the quark-antiquark creation from 
a quark by the instanton-induced interaction can be com- 
pactly written as 



4 3 



Hq = -—igiejkieimn y^ y^ ^g(fc, I, m, n)'Dt{^l(jp7]^) 

t=l 13=0 

i^}<^pU , (12) 



where ^^ and tj^ represent quark and antiquark Pauli 
spinors. The coefficients ht depend on the quark masses 
and are given by 



hl{k,l,m,n)- ^ 
hl{k,l,m,n) = J , 
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^^Q{kJ,m,n) = 
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h'fi^Q{kJ,m,n) == 


1 
rrtn 



(13) 



where Dt = o'a-^— acting on the quark t in Ea.([l3 
For instance, for t = 3, V^Hlcr i3'nm){S,} a ^^.n) = 
{Ck'^l3'nm){-^—£,i'^aO'i3in)- Notc that here we defined cto 
as the identity in spin space. From Eq. (|12|). one finds 
that the created qq in the instanton-induced pair cre- 
ation model can have any of the quantum numbers '^Pq, 
^Pi, "^Pi, ^Sq and •^S'l. In the case of s^^ — > s'^qq states 
with negative parity considered here only the latter two 
contribute. 

The calculation of the transition s^ -^ s^qq then in- 
volves the overlap between the residual three strange 
quarks in the s'^qq configuration after qq annihilation and 
the initial s^ configuration, as shown in Fig. [l]c. Taking 
into account the overlap factors and the overall symme- 
try, the transition coupling Vn^^n^ in H]) reads 



Vn, 



<->f25 



9 
16 



igi^ikl^imn 2_^ Z-^ CjrCsCcCo 



t=i p=a 
iT-lik, I, m, n)Vt{^l(Tpiqrn){^](7fs(,n) (14) 



where Cjr, Cg, Cq and Co are operators for the calcula- 
tion of the corresponding flavour, spin, colour and orbital 
overlap factors, respectively. 



III. NUMERICAL RESULTS 

In the present treatment the matrix elements of tran- 
sition couphng operator p4[) depend on two parameters, 
namely the instanton-induced interaction strength g' and 
the oscillator parameter ws for the s^qq configurations, 
if we adopt the constituent mass of the strange quark 
and the oscillator parameter W3 for the three-quark con- 
figuration as the empirical values from [ij. Notice that 
ws is from the orbital overlap factor. In Sec. IIII Al we 
present the numerical results obtained by taking g' and 
ws as constant as previously used in [l[ . The dependence 
of the numerical results on the parameters is the subject 
of SccHnBl 



A. Numerical results with fixed parameters 

In Refs. [il, |3j|, the empirical value for the strength 
of the instanton-induced interactions between light and 
strange quarks was found to be g' ~ 33.3 MeV. On 
the other hand, if we take the quark confinement pa- 
rameters equal, i.e. C^^^^' — (7(^=5)^ we find a rela- 
tion between the oscillator parameters of three- and five- 
quark configurations: 0J5 = a/S/Gws and, correspond- 
ingly, ws ~ 196 MeV, as shown in [l|. We denote the 
three-quark configurations with quantum numbers ^ 



and I 
notation 

5,f)r 



as |»j, ^ 



) and 1 3, 1 ), respectively. With the 



for 



|s3g([4]x[211]c[31]Fs[31]F[22]5) ® q) 
|s3g([4]x[211]c[31]Fs[31]f [31]s) ® q) 



5,2 )3 = \s^qmx[2n]c[3l]Fs['i]F[3l]s)®q), 
5,^ )4 = |s4([4]x[211]c[31]fs[4]f[31]s)®s), (15) 
the five-quark configurations with spin 1/2, and 



5,2 )i = |s'g([4]x[211]c[31]Fs[31]F[31]5) 



®g) 



5,2 )2 = |s39([4]x[211]c[31]Fs[31]F[4]s)«'g), 

5,f)3 

5,f)4 



|s39([4]x[211]c[31]F5[4]F[31]5)«'g), 

|s4([4]x[211]c[31]fs[4]f[31]5)«'s), (16) 



for the five-quark configurations with spin 3/2, the ma- 
trix elements of the Hamiltonian ([T]) in both cases are 
listed in Appendix lAl Note that the nonzero off-diagonal 
matrix elements in the sub-matrices H^ are caused by 
hyperfine interactions between quarks in the five-quark 
configurations, as explicitly discussed in [l[. Diagonal- 
ization of Eqs. (|Al[) to ()A6P leads to the numerical re- 
sults shown in Table HI In this table, we have ordered 



the states according to the energy eigenvalue: The upper 
panel of the table shows energies of the states with spin 
1/2, and the corresponding probability amplitudes of the 
three- and five-quark configurations in these states, and 
the lower panel shows those for the states with spin 3/2. 

From the upper panel of TableUwe conclude that in the 
OGE and INS hyperfine interaction models the mixing 
between three- and five-quark configurations with spin 
1/2 is very small, and even can be negligible. Accord- 
ingly the resulting energies are very close to those ob- 
tained in [1[, in which the effects of mixing between s^ 
and s'^qq were not included. The mixing between three- 
and five-quark n configurations obtained within the GBE 
hyperfine interaction model is not so small that can be 
negligible: For instance, in the state with energy 1991 
MeV, there is a 81% three-quark component and 19% 
five-quark components. But also in this case the result- 
ing energies are very close those obtained in []| . 

In fact, absolute values of the transition matrix ele- 
ments of V35 in the configurations with spin-parit y ^ 
arc less than 20 MeV, as shown in Eqs. (|XT|) to (|M1) . 
which are tiny compared to the diagonal matrix elements 
of the Hamiltonian matrix ([TJ . These tiny transition cou- 
pling matrix elements lead to tiny mixing between three- 
and five-quark configurations with spin 1/2 in the OGE 
and INS models. However, in the GBE model the situ- 
ation is different: The mixing depends not only on the 
couplings between the configurations, but also on the dif- 
ferences between the diagonal matrix elements. In the 
GBE model, as we can see in Eq. (jA5|) , the diagonal ma- 
trix element of the third five-quark configuration is close 
to that of the three-quark configuration, the difference 
between the former and latter is only 19 MeV. There- 
fore the mixing of this five-quark configuration with the 
three-quark configuration is not as small as that in the 
OGE and INS models. On the other hand, because the 
diagonal energies of these configurations are close to each 
other, while matrix elements of the non-diagonal transi- 
tion coupling are small, nevertheless the resulting ener- 
gies are very close to those without mixing between three- 
and five-quark configurations. 

In case of the configurations with spin-parity | , as 
shown in the lower panel of Table U mixing between 
three- and five-quark Q configurations in all the three hy- 
perfine interaction models are very strong. Accordingly, 
the resulting energies differ substantially from those with- 
out mixing between three- and five-quark configurations. 
The strongest mixing is obtained within the GBE model, 
namely the state with energy 2166 MeV: In this state, 
there is approximately 50% three-quark component and 
50% five-quark components. A very interesting result is 
that the lowest states in all three models have energies 
lying in a narrow region around 1750 ± 25 MeV. This en- 
ergy is significantly lower than the energies of the lowest 
states with spin-parity ^ in ^-H three models. 

Absolute values of the transition matrix elements of 
V35 in the configurations with spin-parity | are in the 
range of 100 ± 20 McV, which is much larger than the 



TABLE I: Energies and the corresponding probability amplitudes of three- and five-quark configurations for the obtained Q states in 
three different kinds of hyperfinc interaction models. The upper and lower panels are for states with quantum numbers ^ ^^d f i 
respectively, and for each panel, the first row shows the energies in MeV, others show the probability amplitudes. 
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20 MeV couplings of configurations with spin-parity ^ 
and accordingly the mixing is much stronger than in the 
i case. In addition, the larger non-diagonal terms lead 
to larger differences between the energies with and with- 
out mixing of three- and five-quark configurations. As 
we have discussed in [l| , if we ignore the mixing between 
three- and five-quark configurations, the lowest state in 
the OGE model has spin 3/2, but in the other two hy- 
perfine interaction models, the lowest states have spin 
1/2. If we take into account the transition couplings 
between three- and five-quark configurations, the low- 
est states in all three models have spin 3/2. Here, the 
lowest state in the OGE model resulted partly by mixing 
between different five-quark configurations caused by the 
OGE hyperfinc interactions between quarks, and partly 
by mixing between three- and five-quark configurations 
caused by the instanton-induced qq pair creation. In the 
other two model the lowest state is due to the action of 
the instanton-induced pair creation. 



For both the ^ 



and I 



states, one may notice in Ta- 
ble U that there is at least one state that does not mix 
to other states in the OGE and GBE models: These are 
the states |5, | )4 and |5, | )4, i.e. the five-quark con- 
figurations with ss. As we discussed in Sec. IIIBl the 
instanton-induced pair creation interaction does not lead 
to mixing between s^ and s'^s configurations. Therefore, 
in the OGE and GBE models, the state with the strange 
quark- ant iquark pair decouples from the others. How- 
ever, in the INS model, because of the hyperfine interac- 
tions between quarks, there is no pure state with ss [l[, 
i.e. the INS hyperfine interactions between quarks leads 
to mixing between the s'^s and the s^qq configurations. 
In the GBE model, there is another configuration that 
does not mix with the others, namely the state |5, ^ )2- 
This is because on the one hand the GBE hyperfine in- 
teractions between quarks cannot mix this configuration 



with the other five-quark states, and on the other hand 
the matrix element of the transition coupling V35 between 
the three-quark configuration and the |5, ^ )2 state van- 



ishes, as shown in Eq. (|A5p . In contrast, in the OGE 
and INS models, although the transition coupling ma- 
trix elements between three- and five-quark configura- 
tions vanish, the configuration |5, ^ )2 does mix with 
other five-quark configurations, as we can see in Eqs. (|A1[) 

and (|A3p . so there is no pure state |5 ^ 
and INS hyperfinc interaction models 



3]), so there is no pure state |5, ^ )2 in the OGE 



B. Dependence of numerical results on parameters 



In Sec. nil A[ we have shown the numerical results for 
a judicious choice of parameters. We still have to inves- 
tigate whether the results are sensitive to the interaction 
parameters and on the value of the oscillator parame- 
ter W5, which was just taken to be a tentative value in 
Sec, nil Al Here we discuss the dependence of the energies 
on these parameters. Since the mixing between three- 
and five-quark configurations with spin-parity quantum 
numbers 2 was found to be very small, we refrain from 
a discussion on the parameter dependence in this case. 

Although the value for the instanton-induced interac- 
tion strength g' is an empirical one, it is the most im- 
portant parameter determining the transition between 
three- and five-quark configurations. Here we vary it by 
±20% to demonstrate the dependence of the energies on 
its value in Fig. ^ The figures from left to right are the 
numerical results for states with spin-parity | obtained 
within the OGE, INS and the GBE models. As is evi- 
dent from Fig. [2l the energies do not change much in the 
OGE and GBE models within a range of ±40 MeV. But 
in the INS model, the results show some more sensitivity 
to the coupling g' , mainly because the hyperfine interac- 
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FIG. 2: (Colour online) Energies of Q resonances with spin 3/2 as function of the instanton-induced interaction strength g' . The figures 
from left to right are the numerical results obtained within the OGE, INS and GBE models, respectively. 




FIG. 3: (Colour online) Energies of Q resonances with spin 3/2 as function of R35. The figures from left to right are the numerical results 
obtained within the OGE, INS and GBE models, respectively. 



tions between quarks in the INS model also depends on 
9'- 

An other important parameter in the matrix elements 
of the transition coupling V35 is the oscillator parame- 
ter ws, which determines the orbital overlap of three- 
and five-quark configurations. As discussed in Sec. IIII A( 
once we take C^-^^^^ = C*-^^^^ in the quark confine- 
ment potential, we get the ratio R35 = uj^/lu^ = y/5/6, 
but this is a tentative value only. In general, the colour 
confinement strength C'^-* for three- and five-quark con- 
flgurati on c ould differ, so the value of JJ35 can also differ 
from ^5/6. Now the oscillator parameter ujn reflects 
the size of the state studied If, for instance, we take 
i?35 > I, i.e. C(^=3) < C(^=5), this implies that the five- 
quark configurations are more compact than the three- 
quark configuration. In this case, an intuitive picture 
for our model is going to be like this: The three-quark 
state has a weaker potential; when quarks expand, a qq 
pair is pulled out via the instanton-induced pair creation 
mechanism and results in a s^qq state with stronger po- 



tential; the stronger potential leads to a more compact 
state which then makes the q annihilate with a quark 
more readily leading to the s^ state; this leads to con- 
stant transitions between these two states and mixing. 
If, however, R35 < 1, i.e. C'^^^) > c'^n=5) ^ ^^ic picture 
is just opposite. In Rcfs. |3J-|33, in order to reproduce 
the electromagnetic and strong decays of nucleon reso- 
nances, both i?35 > 1 and R35 < 1 have been suggested. 
In [34l - [37| it was shown that the most sensitive parame- 
ter is in fact the ratio 2UJ3UJ5 / {ui'^ + wf). It is thus very 
difficult to judge whether R35 is less than 1 or not. Ac- 
cordingly, we here vary the value of R35 from 0.5 to 2 
keeping the instanton-induced interaction strength g' at 
the fixed empirical value. The dependence of the ener- 
gies of states with spin-parity | on R35 arc shown in 
Fig. 131 As in Fig. [21 the figures from left to right arc the 
numerical results obtained within OGE, INS and GBE 
models. 

One should notice that here we only want to show 
the dependence of the mixing effects caused by transi- 



tion couplings on the parameters, so we do not consider 
the variation of the diagonal terms in Eqs. (jAip to (|A6|) 
with uj^. As we can see in Fig.|3l the numerical results are 
somewhat sensitive to /J35 in all three interaction mod- 
els, the variation of the energies amount up to 160 MeV. 
The energies of the lowest states in the three models first 
decrease and then increase with increasing values for i?35 
and lie within the range ^ 1750 ± 50 MeV The ener- 
gies of the other states just increase with R35, with the 
exception of the blue-dash-dotted lines in the OGE and 
GBE models, which represent the energy of the fourth 
five-quark configuration in these two models, which does 
not mix with any others states in the OGE and GBE 
models, so the energies of this state are independent of 

R35- 



IV. CONCLUSION 

In this paper, we investigated the infiuence of the mix- 
ing of s^ and s^QQ Vt configurations on the energies of 
negative parity Q, states with quantum numbers -^ and 

I . For the hyperfine interactions between quarks we 
investigated three alternatives: the OGE, INS and GBE 
models. The QQ pair creation is taken to be caused by 
the instanton-induced interaction. This mechanism has 
the selection rule that it precludes ss creation from a 
strange quark In another words, the instanton-induced 
interaction does not lead to mixing between s'^ and s^s 
configurations. 

The matrix elements of the instanton-induced transi- 
tion coupling in the spin 1/2 configurations are small, 
leading to negligible mixing between three- and five- 
quark configurations with spin 1/2 in the OGE and INS 
hyperfine interaction models. In the GBE model, the spin 
1/2 state with strongest mixing is composed of ^ 81% 
three-quark and ~ 19% five-quark components mainly 
due an almost degeneracy of the corresponding unper- 
turbed three- and five-quark configurations. Although 
the mixing of three- and five-quark configurations with 
spin 1/2 in the GBE model is not small, the resulting 
energies are nevertheless very close those without mixing 
between s^ and s^qq, since the transition coupling matrix 
elements are so small. 

In the case of configurations with quantum numbers 



J 



I , the matrix elements of the instanton-induced tran- 
sition coupling are much larger and the resulting mix- 
ing between three- and five-quark configurations is very 
strong. For instance, the spin 3/2 state with the strongest 
mixing is composed of ~ 50% three-quark and '^ 50% 
five-quark components. 

The strong mixing between three- and five-quark con- 
figurations with spin 3/2 decreases the energy of the low- 
est state appreciably in all the three hyperfine interaction 
models: The lowest states with spin 3/2 have an energy 
^ 1750 ± 50 MeV, which is lower than energies of all the 
spin 1/2 states obtained in the three different interaction 
models. This is different from the results of previous 
models J38l |39[ without considering the mixing between 
three- and five-quark configurations, which predicted the 
lowest VL excitation state to be of spin 1/2. To summarize: 
In all interaction models the lowest states are found to be 
those with spin 3/2 and and lie at - 1750 ± 50 MeV. The 
lowest states differ in the three models: Their major com- 
ponents are five-quark configurations (~ 75% and ^ 64%, 
respectively) in the OGE and GBE models, whereas in 
the INS model, the lowest state is mainly composed of 
the three-quark component (~ 70%). In any case, if the 
lowest fi resonance lies at around 1750 ± 50 MeV as we 
have found here, then it may be found in measurements 
of *' decays performed at BESIII H^]. 
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Appendix A: Matrix elements of the Hamiltonian 

The matrix elements of Hamiltonian ([T]) in the configu- 
rations with quantum numbers i and | read (numbers 
in units of MeV) 
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